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Abstract 

An experimental Investigation was performed 
In an effort to measure and Increase lifetime of 
electrodes in an arcjet thruster. The electrode 
erosion of various anode and cathode materials was 
measured after tests In an atmospheric pressure 
nitrogen arc discharge at powers less than 1 kW. 

A free-burning arc configuration and a constricted 
arc configuration were used to test the materials. 

Lanthanum iicxaboride and thoriated tungsten 
had low cathode erosion rates while thoriated 
tungsten and pure tungsten had the lowest anode 
erosion rates of the materials tested. Anode 
cooling, reverse gas flow, and external magnetic 
fields were all found to reduce electrode mass 
loss. 

Introduction 

The direct current arcjet thruster is pre- 
sently being considered as an auxiliary propulsion 
device for space applications because of its wide 
thrust range, high specific impulse capability 
(400 to 1000 sec), and inherent simplicity. Due 
to available power and spacecraft interaction 
considerations near-term applications appear to 
be at power levels less than 5 kW with ammonia or 
hydrazine as the propellant. Although arcjets had 
been investigated in the 1960's, the research was 
primarily concerned with power levels on the order 
of 30 kW with hydrogen as the propellant.* At 
30 kW, two tests were run with hydrogen for over 
500 hr at approximately 1000 sec specific impulse 
with thryst efficiencies greater than 40 
percent. At 2 kW, a test was run in hydrogen 
for 150 hr; 4 however, tests performed at power 
levels of 1 kW experienced severe electrode ero- 
sion, especially with gases other than hydrogen. 5 
Therefore, a study of electrode erosion at low 
power levels was required. 

Because increased energy efficiencies can be 
obtaineo at higher pressure, it is desired to 
operate arcjets at 1 atm or higher. 5 Much of 
the research on electrode erosion in arc dis- 
charges has been under vacuum conditions. 

Because the electron emission and electrode ero- 
sion mechanisms are different in vacuum and 
atmospheric pressure arcs, the erosion rates are 
probaDly also different. Kimblin*® has done a 
study on cathode erosion in the transition from 
vacuum to atmospheric pressure, but copper and 
graphite were the only materials considered in 
this study. Cobine and Burger** present data 
on anode erosion for various materials in high 
pressure arcs, but the current level was greater 
than 11 000 A, which is at least two orders of 
magnitude greater than the current levels being 
considered in the low power arcjets. 


Therefore, as a continuation of research by 
Hardy and Nakanishi,* 2 the present study 
addresses the problem of achieving long electrode 
life (>1000 hr) in low power arcjets by measuring 
the electrode erosion in a free-burning arc dis- 
charge, as well as the erosion in a constricted 
arc similar to previous arcjet designs. Tests 
have been conducted to characterize the electrode 
erosion of various materials in nitrogen at 1 atm 
at operating powers of 1 kW or less. Also, in an 
effort to reduce erosion the gas flow direction, 
electrode cooling, and the number of starts have 
been examined. Preliminary results of the mass 
loss of the electrodes in an external magnetic 
fieid, used to reduce erosion, are also presented. 

Apparatus 

The experimental apparatus for the evaluation 
of electrode erosion is shown in Fig. 1. The test 
chamber was constructed of pyrex and a roughing 
pump was used to obtain pressures as low as 
0.3 torr. Gas could be fed into the chamber 
through an external port to increase the pressure. 
A current-controlled, voltage-regulated dc power 
supply with a 600 V, 25 A capacity was used with 
a 0.5 mH, 150 A inductance coil and a variable 
resistor, normally set at 5 ohm, completing the 
circuit. Direct current meters were used to read 
voltages and currents. Due to a power supply 
malfunction, the 600 V, 25 A power supply was 
replaced with a 100 A, 100 V power supply for some 
tests. This supply used an additional 500 V power 
supply to ignite the arc, and a series-pass linear 
transistorized current regulator was used in place 
of the resistors and inductance coil. All gases 
used were 99.995 percent pure. 

Free-Burning Arc 

Figure 2 is a schematic diagram of the free- 
burning or unconstricted arc configuration. This 
configuration had no confinement of the gas flow. 
The electrodes were held in place with brass sup- 
port pieces fabricated to screw into 1.27 cm o.d., 
19.1 cm long copper tubes. A ceramic tube 
1.91 cm o.d., 19 cm long was placed over the 
cathode-side copper tube to prevent arc formation 
on the copper. Thf anode-side copper tube was 
fabricated to allow -.ter cooling if desired, and 
gas could either be fed through the cathode (con- 
ventional flow) or over the anode (reverse flow). 
Boron nitride covers were fabricated for both the 
anode and cathode to prevent arc formation on the 
brass holder. A 5.08 cm diameter quartz tube was 
placed over the electrodes to prevent eroded 
material from coating the inside of the pyrex test 
chamber. 

Cathodes 

Five different cathode materials were inves- 
tigated using this free-burning arc apparatus: 
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1. Lanthanum hexaboride tube : Because of 
promising results from previous tests, a 
lanthanum hexaboride (LaBg) tube, 0.53 cm o.d., 

0.30 cm i.d. was used. Lanthanum haxaboride has 
a melting point of 2210 *C. The tube was fabri- 
cated by a hot-pressing sintering technique and 
had a typical density of 80 percent. Because 
lanthanum hexaboride was found to develop thermal 
stress cracks upon heating, a supporting tube of 
molybdenum was placed over the LaBg tube with 
tantalum foil placed between the molybdenum and 
the LaBg to insure a tight fit and good 
electrical contact. 

2. Hafnium Carbide tube : Due to its high 
melting point (3890 ’C), hafnium carbide (HfC) has 
been suggested for use as cathode material in 
arcjets.^* 1 ” A 0.53 cm o.d., 0.30 cm I.d. 

tube, hot-pressed sintered from powder, had a 
typical density of 75 percent. Initial tests 
showed that this material also developed thermal 
stress cracks, requiring a molybdenum outer tube 
for support similar to the LaBg configuration. 

3. Two Percent Thor iated Tungsten tube : Fre- 
vious experiments indicated that thoriated tung- 
sten (Th 02 ~W), when operated in an oxygen-free 
environment, may have a low cathode erosion 
rate.* Thoriated tungsten has a melting point 

of 3410 *C and the tube used was 0.64 cm o.d., 

0.53 cm i.d., with a density of 97 percent. 

4. Graphite Rod : Graphite with a density of 
87 percent was used in a rod configuration, 

0.32 cm diameter, ground flat on three sides to 
allow gas flow. Graphite sublimes at 3652 *C. 

5. Copper Rod : To test the reliability of the 

cathode erosion measurements, a copper rod, melt- 
ing point 1083 *C, was used allowing a comparison 
with data found in the literature. This copper 
rod was 0.64 cm diameter, ground flat on three 
sides to allow gas flow. 

Anodes 

Six different anode configurations were used 
in this free-burning arc configuration: 

1. Water-cooled copper rod, 0.64 cm 
diameter. 

2. Two percent Thoriated tungsten rod, 0.64 
cm diameter. This configuration was used both 
with and without water cooling. 

3. Pure tungsten rod, 0.64 cm diameter. 

4. Hafnium carbide tube, 0.53 cm o.d., 

0.30 cm id. 

5. 8arium Oxide Impregnated Porous Tungsten 
tube, 0.53 cm o.d., 0.30 cm i.d. 

6. Two percent thoriated tungsten insert, 

0.b4 cm diameter, 0.10 cm orifice. This insert 
was fabricated in the shape of a converging- 
diverging nozzle. 


Figure 3 is a schematic diagram of the fixed 
magnet configuration. A 0.32 cm diameter thori- 
ated tungsten rod was used as the cathode and a 
0.64 cm diameter thoriated tungsten Insert was 
used as the anode. Thls^anode typically had a 
0.10 cm orifice and a 45* nozzle angle. Four 
rectangular 35 percent Samarium, 65 percent Cobalt 
magnets, 3500 G at the surface, 1.75 by 1.25 by 
0.50 cm, were placed on a steel support to provide 
the magnetic field. The magnets provided an axial 
magnetic field of 100 G at the electrodes. A 
gaussmeter was used to measure the magnetic field 
strength both before and after the tests. Two 
boron nitride cylinders were used to isolate the 
steel support from the copper tubes supporting the 
electrodes. This configuration was also used 
without the magnets for comparison purposes. 

Constricted Arc 

In addition to the free-burning arc configu- 
ration, a constricted arc configuration with con- 
fined gas flow was constructed to measure erosion 
in configurations similar to previous arcje.. 
designs. Figures 4 and 5 show the configurations 
used. Figure 4 is the conventional configuration 
where the water-cooled copper constrictor acts as 
the anode with gas flow from cathode to anode. 

Two anodes were used in this configuration. One 
anode was a 1 cm diameter copper disk, 0.96 cm 
thick, with a 0.10 cm orifice to allow flow 
through the constrictor. The other anode was a 
0.64 cm diameter thoriated tungsten insert fabri- 
cated in a nozzle configuration. This insert had 
an orifice 0.10 cm diameter. The thoriated tung- 
sten was pressed into a copper oisk 1.00 cm o.d., 
0.64 cm i.d., 0.96 cm thick. Both copper disks 
were fabricated to screw into a brass fitting, 
which was soldered to the inner copper tube. This 
copper tube was 1.58 cm I.d. and 0.96 cm long, and 
was soldered to an outer copper tube 2.70 cm i.d., 
7.62 cm long. Copper disks were soldered to the 
copper tubes to contain the cooling water. The 
cathodes used in this configuration were a lan- 
thanum hexaboride tube, a thoriated tungsten tube, 
and a 0.32 cm diameter thoriated tungsten rod, 
ground flat on three sides to allow gas flow over 
the cathode. A 2.54 cm o.d. quartz tube was 
placed inside the outer copper tube to restrict 
the gas flow. This quartz tube extended from the 
copper tube to the flange on the pyrex test 
chamber. 

Figure 5 shows the modification to the appa- 
ratus shown in Fig. 4. This modification allowed 
the cathode to be placed in the position of the 
anode and the gas flow to be from anode to cathode 
in a reverse flow pattern. In this configuration, 
a 0.76 cm long LaBg tube was placed in a 0.96 cm 
long molybdenum tube. The LaBg tube acted as 
the cathode and was press fit into a copper disk, 
which was fabricated to fit into the brass fitting 
as described previously. Similarly, a ThO^W 
tube was used as a cathode. On the downstream end 
of the cathode, a thoriated tungsten nozzle with 
a 0.10 cm orifice was pressed into copper disk and 
fit inside the brass support piece to constrict 
the flow. The anode was a 0.64 cm diameter thor- 
iated tungsten rod ground flat just enough 
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(0.02 cm) on three sides to allow gas flow. One 
boron nitride cover fit against the quartz tube 
and under the outside copper tubing on the con- 
strictor to prevent gas leakage. Another boron 
nitride cover was placed over the anode to prevent 
possible arc formation on the brass supporting the 
anode, and a third boron nitride disk placed over 
the cathode tube prevented arcing to the copper 
constrictor. 

Procedure 

Arc Characteristics 

The arc V-I characteristics were obtained with 
both argon and nitrogen for various gaps, or dis- 
tance between the electrodes, for a current range 
of 5 to 15 A. The arc was started with a voltage 
of 400 to 500 V with argon at 0.5 to 10 torr 
background pressure at flow rates 100 to 140 SCCM. 
After Initiation of the arc, the pressure was 
raised to 760 torr in argon and the arc was 
allowed to run for 5 min before readings were 
taken. The first voltage measurement was then 
taken at 5 A for a gap width of 0.3 cm. Then the 
current was raised by 1 A, and after 2 or 3 min 
another measurement was taken. This procedure was 
repeated for the full range of currents, after 
which the gap was increased to 1 cm and the volt- 
age measurements were taken as described for a gap 
of 0.3 cm. After the measurements were taken in 
argon, the chamber was pumped down to approxi- 
mately 50 torr, nitrogen was allowed to flow into 
the chamber from the cathode, and then nitrogen 
was bled into the chamber from an external port 
to raise the chamber pressure to 760 torr. The 
pressure was maintained by drawing a vacuum to 
offset the flow. The procedure was then repeated 
as described Vor argon. 

Mass Loss Tests 

Measurements were made of the electrode mass 
loss of various electrode materials tested in high 
purity nitrogen. Tests were also performed which 
compared the effects of anode cooling, gas flow 
direction, and the number of starts on electrode 
erosion. The mass loss rates in free-burning arc, 
constricted arc, and magnetic field configurations 
were compared. 

Oue to difficulties in starting an arc in 
nitrogen, argon was used in all tests to initiate 
the arc. As in the arc characteristic tests, the 
arc was started with a 400 to 500 V input at 0.5 
to 10 torr in argon at 10 A and 0.3 cm gap with 
flows of 140 SCCM. Once the arc was stable at 
these pressures, the pressure was raised to 
760 torr by back-filling argon into the chamber. 
After 5 min the argon was shut off, the chamber 
was pumped down to 50 torr, nitrogen was allowed 
to flow through the cathode tube at 100 SCCM, and 
nitrogen was bled into the tank to raise the 
chamber pressure to 760 torr. This was repeated 
to insure that the argon was pumped out of the 
test chamber. In the constricted arc configura- 
tion tests, some experiments were performed with 
a gas flow of 4000 SCCM. In these high flow tests 
a constrictor chambei pressure of 600 torr was 
achieved with a background presssure of 10 to 
15 torr. 


After arc initiation, most tests were run for 
2.5 hr, after which the test was stopped and the 
chamber was allowed to cool 30 to 45 min. The 
starting and running procedures were then repeated 
to ensure constant arc conditions. The total run 
time per experiment was approximately 5 hr. In 
the tests comparing the number of starts, the arc 
was initiated 4 and 8 times in a 5 hr period, as 
opposed to two starts in most other experiments. 
After the run was completed, the chamber was 
allowed to cool for at least 1 hr after which the 
electrodes were removed and weighed on a scale 
with an accuracy of 0.001 g. The entire test 
procedure was then repeated with new electrodes 
and an average mass loss for the two tests was 
reported. The results are presented as a mass 
loss per unit time, or a mass loss rate, with 
error bars representing the span of the electrode 
erosion. 

Results and Discussion 
Free-burning Arc 

Arc characteristics. Fiqure 6(a) shows the 
voltage-current characteristics of a hafnium 
carbide cathoie at different gap widths while 
Fig. 6(b) show, the V-I characteristics for a 
lanthanum hexaboride cathode. As was shown in 
previous tests of a thoriated tungsten cathode, 
the arc voltage in nitrogen here was 20 to 45 V 
higher than the arc voltage in argon, a difference 
attributed to a difference in the plasma proper- 
ties of the two gases. Also, the voltage 
decreased as the current was increased. As dis- 
cussed by Finkelnburg and Maecker 17 , as the 
current increases the conductivity of the gas 
increases, thus decreasing the electrical impe- 
dance and hence the voltage. Finally, as the 
distance between the electrodes increased, the arc 
voltage increased. This increase in arc voltage 
may have been due to an increase in the potential 
fall across the column, or possibly due to an 
increase in the anode voltage drop. This effect 
is important as a change in arc voltage may 
reflect electrode ablation. It is to be noted 
that, due to buoyancy forces at gaps larger than 
0.5 cm, the actual arc length may have been longer 
than the measured gap between the electrodes. 

This effect was reported by Cobine. 

A separate arc characteristic test was per- 
formed using graphite electrodes in N2. The 
results obtained were compared with values found 
in the literature, as shown in Fig. 7. Because 
the V-I characteristics agree within 3 V of those 
presented by Cobine, ^ it is assumed that the 
arc characteristic results obtained for other 
materials reported herein are valid. 

Cathode mass loss . The cathode mass loss for 
various materials in a nitrogen free-burning arc 
is given in Fig. 8. Water-cooled copper was 
chosen as the anode to prevent eroded anode 
material from being transferred to '■he cathode, 
thus affecting the results. The ma«;« loss rate 
of copper was 3.4xl0~^g/min. This result agreed 
closely with the results of Semenova and 
Petrova/® who found the mass loss of copper in 
nitrogen at 9 A to be J .6xl0“ 3 g/m1n. Graphite 
had a mass loss of 8.7xl0 -, g/min. Hafnium car- 
bide had a mass loss rate of 6.6x10' '^g/min; how- 
ever, after the 5 hr run, the cathode was examined 
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and a copper-colored metallic coating was seen on 
the surface of the hafnium carbide. This coating 
may have been hafnium nitride, HfN. Thorlated 
tungsten had a mass loss of 4.1xl0 -5 g/min . 
Lanthanum hexaborlde showed no measurable mass 
loss to 0.001 g, over the 5 br test, or a mass 
loss rate less than 0.33xl0 - ®g/min. In previous 
tests, 12 lanthanum hexaborlde was found to have 
a mass loss rate of 1.4xl0 -4 g/m1n. During those 
previous tests, however, the LaBg cathode was 
run in nitrogen with oxygen Impurities. As shown 
by Futamoto, et. al., oxygen may be damaging 
to lanthanum hexaborlde, forming La ?03 at the 
s :rf ace This oxide formation may decrease emis- 

sion and increase evaporation. For the data shown 
in Fig. 8 the arc voltages were 38+2 V for HfC, 
LaBg, Th02-W, and Cu and 60+5 V for graphite. 

The mechanism of cathode erosion at high 
pressures in continuous arcs has yet to be iden- 
tified. The two significant mechanisms for cath- 
ode erosion appear to be evaporation from heating 
at or near the melting point of the material and 
sputtering due to ion bombardment. 22 Under 
vacuum (approximately 10 - ® torr) cathode mater- 
ial is ejected Into the plasma column to sustain 
emission. At atmospheric pressure, however, 
material may be deposited back onto the cathode 
due to the high pressure above the surface. As 
discussed by Kimblin, 10 this effect would result 
in measured values of erosion being lower at 
atmospheric pressure than calculated values of 
evaporation. It has been found, however, that 
measured erosion rates for refractory materials 
such as graphite and thoriated tungsten are 
actually higher than the erosion rates If only 
evaporation is considered.®* 12,23 Holm 24 
suggests on the basis of his calculations that 
sputtering is the predominant mechanism for ero- 
sion at low arc currents. Ion bombardment may 
dislodge material from the surface of the cathode 
with enough force to prevent redeposition onto the 
surface. Unfortunately, little information exists 
for sputter yielus at low ion energies (<100 V). 
Sputtering due to ion bombardment or a combination 
of sputtering and evaporation may be the mechanism 
for cathode mass loss, but further testing to 
determine sputter yields at low ion energies is 
required. 

Cathode material selection . From measurements 
of the cathode mass loss (Fig. 8) hafnium carbide, 
thoriated tungsten, and lanthanum hexaboride 
appear to be suitable cathode materials. Hafnium 
carbide has a high melting point; however, forma- 
tion of hafnium-nitrogen compounds may decrease 
performance over long periods of time. Thoriated 
tungsten gave a low mass loss rate, but the cath- 
ode spot moved rapidly over the surface of the 
cathode at 10 A In the free-burning arc configu- 
ration. The movement of the spot was mora vis- 
ually evident with thoriated tungsten than with 
either lanthanum hexaboride, or hafnium carbide. 
This random movement may be due to localized 
depletion of thoria, the low work function addi- 
tive. 2 ® -2 ' Tests must be run at low power In 
nitrogen to determine if depletion of ihorla does 
occur over long periods of time. 


this material required special techniques of sup- 
port to prevent thermal stress cracks. Therefore, 
it appears that thoriaten tungsten and lanthanum 
hexaborlde are two candidate cathode materials for 
an arcjet thruster, but long-term tests (>100 hr) 
must be run to determine the optimum material. 


Anode mass loss . The anode mass losses for 
hafnium carbide, barium-oxide Impregnated porous 
tungsten, thoriated tungsten, and pure tungsten 
are shown In Figure 9. These tests were performed 
with a lanthanum hexaborlde cathode. Since LaBg 
had the lowest cathode erosion Its use was seen 
as affecting the anode erosion results the least 
of the materials tested. Hafnium carbide and 
barium-oxide impregnated porous tungsten had sim- 
ilar mass loss rates at 1.6xl0 -3 and 
1 .3xlO“ 3 g/min, respectively. Thoriated tungsten 
had a lower mass loss rate at 3.8xl0 -4 g/min 
while tungsten showed the lowest mass loss rate 
at 1.8xl0 -4 g/min. 


Evaporation appears to be the primary mecha- 
nism for mass loss at the anode in a free-buri.ing 
arc. Hafnium carbide has a high melting point, 
but its evaporation rate is higher than that of 
tungsten. 2 ® Impregnated tungsten materials may 
lose the additives upon excessive heating, causing 
higher erosion rates. 29 Thoriated tungsten gave 
a mass loss rate higher than that of tungsten, but 
thoriated tungsten has the advantage of being more 
easily machined to desired configurations than 
pure tungsten. Therefore, it appears that thor- 
iated tungsten and pure tungsten are the best 
anode materials from the evaluation made here with 
thoriated tungsten being better from the stand- 
point of machinabi 1 ity. 


From the comparison of anode and cathode mass 
loss rates in the free-burning arc It appears that 
the anode loss rate is greater than the cathode 
mass loss rate by at least one order of magnitude 
at high pressures. At atmospheric pressure, the 
arc forms a constricted zone, or anode spot, which 
imposes a severe heat load on the anode. It has 
been found from previous studies that movement of 
the arc on the anode surface distributes the heat 
load, reducing evaporation. * 3 ® One method of 
moving the anode spot in a free-burning arc is to 
impose a magnetic field on the arc, which causes 
the arc to move in a circular motion at high 
velocities. This method of mcying the arc has had 
success in high current arcs, 22,31 and further 
experimentation is required to determine the ben- 
efits of using a magnetic field to reduce anode 
erosion in low power arcs. 


Water Coo ling Effects . Figure 10 shows the 
mass loss of 'a lanthanum hexaboride cathode under 
different conditions of anode cooling. When using 
a thoriated tungsten rod anode with no water 
cooling, the mass loss of the lanthanum hexaborlde 
was 3.2xlO" 4 n/min. When the thoriated tungsten 
rod was water cooled, the LaBg mass loss was an 
order of magnitude less, and when a copper, water- 
cooled anode was used the cathode showed no meas- 
urable mass loss. The arc voltage for all tests 
was 38+2 V. 


Lanthanum hexaboride showed no measurable mass 
loss when used with a water-cooled copper anode. 
However, due to its poor mechanical properties 


It appears that anode cooling decreased the 
erosion of the cathode. John, et.al., 23 found 
similar results in that the combined anode/cathode 
erosion rate decreased when a water-cooled anode 
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was used. This decrease may have been the result 
of the gas near the cathode being cooled by the 
anode. The difference between the cathode mass 
loss with different anode materials may also have 
been due to a gas cooling effect, as the tungsten 
had a lower thermal conductivity than copper, and 
hence, was not cooled as readily by the water. 
Although water for cooling may not be available 
for space applications, the results Indicate that 
ot^er, more practical, means of anode cooling, 
such as regenerative cooling, may Improve cathode 
life. 

It must be noted that, without anode water 
cooling the anode and cathode erosion rates are 
similar. 

Gas flow direction . Figure 11 shows the anode 
mass loss for two different gas flow directions 
using a lanthanum hexaboride cathode and a thor- 
iated tungsten anode. The anode mass loss rate 
for flow from cathode to anode, or conventional 
flow, was 3.77xlO“ 4 g/m.n with an arc voltage of 
38+2 V and the mass loss rate for flow from anode 
to cathode, or reverse flow, was 1.07xl0“*g/m1n 
with an arc voltage of 33+2 V. This reduction In 
mass loss was probably the result of film cooling 
at the anode surface. The decrease In arc voltage 
may have been due to a decrease in the anode fall 
voltage although the effects are still unclear at 
this time. 

Figure 12 shows the cathode mass loss for the 
two flow directions for a lanthanum hexaboride 
cathooe. The cathode mass loss for conventional 
flow was 3.2&xlO" 4 g/min, while the mass loss for 
reverse flow was 2.30xl0 -4 gm1n. Because the 
cathode configuration was a tube, the gas flowed 
through the Inside of the cylinder. Therefore, 
one would expect that conventional flow would have 
provided more cooling than reverse flow, reducing 
possible evaporation losses. However, the cathode 
spot in a high pressure arc forms on the face and 
outer edge of the tube. Thus, the highest tem- 
peratures were at the outside of the tube. Flow 
from the anode may have increased cathode cooling, 
reducing the temperature and erosion of the out- 
side of the tube. 

Athough the mass loss decreased with reverse 
flow the issues of energy efficiency and arc 
voltage must be resolved before the results can 
be applied to an arcjet thruster. 

Number of Starts . The effect of the numoer of 
starts on cathode mass loss for thoriated tungsten 
and lanthanum hexaboride Is shown In Fig. 13. For 
a 2 percent thoriated tungsten cathode run for 
5 hr In nitrogen, the mass loss rate was 
4.1xlO" 5 g/min for two starts, 8. 3xlCT 5 g/min 
for four starts, and 1 .67xl0 -< g/m1n for eiqht 
starts. For a LaBg cathode there was no measur- 
able erosion for two and four start tests. Upon 
removal from the test chamber after the eight 
start test, the LaBg cathode showed evidence of 
cracking and chipping not seen In the tests with 
two and four starts. The increase in the number 
of starts did not have an effect on the appearance 
of the thoriated tungsten. 

The linear dependence of tne mass loss on the 
number of starts for thoriated tungsten indicates 
a constant depletion of material, possibly thoria, 


at the start. The thermal stresses from a large 
number of starts may cause lanthanum hexaboride 
cracking, as was seen when the LaBg cathode was 
used without a molybdenum support tube. This 
cracking may be a major drawback to the use of 
LaBg In a practical thruster design. However, 

It may be possible to reduce this cracking by 
using better supports on the Lafk, thus 
Increasing the ability of the material to with- 
stand the shock Imposed by the high voltage start. 

It Is Important to note that by presenting the 
results as a mass loss rate it Is assumed that the 
mass loss Is continuous over a period of time. 

For certain materials, however, the mass loss may 
In fact depend more on the number of starts than 
on the actual run time, as was shown for thoriated 
tungsten. If this Is the case then a mass loss 
rate Is not meaningful. Tests are continuing to 
determine whether most of the electrode erosion 
occurs at the start or during the steady-state 
run. 

Magnetic field tests . Imposing a magnetic 
field on the arc has been found to rotate the 
anode spot, thus distributing the heat load on the 
anode to reduce localized melting. Figure 14 
shows the anode mass loss for a thoriated tungsten 
Insert with a 100 Gauss axial magnetic field com- 
pared to the mass loss In this free-burning arc 
configuration with no magnetic field. The mass 
loss with no magnetic field was 7.2xl0 -4 g/min 
while the mass loss with a 100 G magnetic field 
was 3.2xl0~ 4 g/min. The arc voltage with no 
magnetic field was 32 V while the arc voltage with 
the applied field was 37 V. The arc moved ran- 
oomly over the surface of the cathode in the test 
with no magnetic field, and an anode spot was 
visible. With a 100 G field, no anode spot was 
visible and the arc appeared diffuse compared to 
the thin filament arc seen without magnetics. 

Also, the arc stayed on the tip of the cathode 
during most of the 5 hr test, although some random 
movement did occur. It was not known if the dif- 
fuse arc seen was actually a rapidly spinning 
anode spot or whether the attachment was actually 
diffuse at the anode surface. No apparent loss 
of magnetic field was seen from gaussmeter read- 
ings taken after the tests. Deposits from the 
anode were seen on the cathode In tests with a 
magnetic field as well as tests without the 
applied field, thus giving a cathode mass gain. 
Therefore, no cathode mass loss rates have been 
presented. Further testing is required to deter- 
mine the feasibility of applying a magnetic field 
to an arcjet design. 

Constricted Arc 

Cathode mass loss . Figure 15 shows the LaBg 
cathode mass loss comparing constricted and 
unconstricted gas flow configurations. Tests were 
performed with both conventional and reverse flow 
patterns. With the cc .ventlonal flow pattern 
(Fig. 15(a)) at 100 SCCM using a copper, water- 
cooled anode the LaBg mass loss In the con- 
stricted arc configuration was 6.7xlO"^g/min and 
r , o measurable mass loss was reported earlier In 
the unconstricted arc configuration. During the 
constricted arc tests, the voltage fluctuated from 
the 36 to 47 V. This instability may have been 
the result of the arc anode attachment moving from 
a point on the upstream face of the constrictor to 
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a point along the length of th« constrictor. This 
arc Instability may have caus j the Increase In 
cathode erosion. 

A thorlated tungsten constrictor was also 
tried with the conventional flow pattern. At 
100 SCCM, significant erosion of the anode 
occurred, even with water cooling, and a mass gain 
on the cathode was measured. This mass gain was 
due to deposits of tungsten from the anode. At 
100 SCCM, the cathode mass loss was 
1.3xl0" 4 g/min. At this flow rate, the voltage 
fluctuated between 35 and 50 V, possibly due to 
movement of the anode attachment to the low pres- 
sure region of the constrictor, on the downstream 
end of the Insert. Again, the cathode mass loss 
may have been due to arc Instability. The flow 
pattern through the Inside of the LaBg tube may 
not have been optimum, possibly leading to some 
instability. For purposes of comparison a 0.32 
diameter thorlated tungsten rod cathode was also 
tried. This cathode was ground flat on three 
sides to allow gas to flow over the cathode. At 
4000 SCCM, the arc voltage fluctuated between 35 
and 52 V and the cathode mass loss was 
lxl0" 4 g/min. A more optimum flow pattern may 
have reduced arc instabilities and decreased 
erosion. 

Figure 15(b) shows the cathode mass loss with 
reverse flow. A*. 100 SCCM, t : ie cathode mass loss 
decreased by a factor of three using the con- 
stricted arc configuration. This reduction In 
mass loss may have been the result of cathode 
cooling as the cathode support structure required 
water cooling to prevent possible melting of the 
copper. Increasing the flow to 4000 SCCM reduced 
the erosion by approximately 15 percent, possibly 
due to a small film cooling effect. The arc 
voltages were 33*2 V and 36+2 V In the uncon- 
stricted and constricted arc configurations, 
respectively. The difference In voltage may have 
been due to cathode spot formation on the inside 
of the cathode tube. 

Anode mass loss . Figure 16 shows the ThO^W 
anode mass loss for a constricted arc with con- 
ventional and reverse flow. As show., in 
Fig. 16(a), with a conventional flow pattern, the 
anode mass loss was 7.2xl0" 4 g/min at 100 SCCM 
and lxl0“ 4 g/min at 4000 SCCM. Figure 17 shows 
photographs of thorlated tungsten Inserts after 
running for 300 min at 100 SCCM and at 4000 SCCM 
in nitrogen. At 100 SCCM melting of the upstream 
face of the anode was evident. At 4000 SCCM, 
localized melting did occur near the outer edge 
of the Insert, but the melting was not as severe 
as In the test at 100 SCCM. It appears, there- 
fore, that as flow increases erosion decreases. 

In the free-burning arc tests at 100 SCCM, the 
anode mass loss was 3.77xl0 _4 g/min with conven- 
tional flow, which was lower than the mass loss 
in the constricted arc configuration at 100 SCCM. 
In the free-burning arc tests, however, the anode 
rod area was different than the area in the con- 
stricted arc, which had a nozzle-shaped anode. 
Because the areas were different, the heat trans- 
fer and evaporation of the anode were probably 
different, and the tests were not comparable. A 
separate test done with a free-burning arc con- 
figuration with a thoriated tungsten insert gave 
a mass loss of 7.2xlO" 4 g/min, which was the same 


as that In the constricted arc configuration. At 
these flow rates It therefore appears that erosion 
was a function of geometry but not necessarily gas 
confinement. 

A decrease In anode mass loss was found when 
the flow was Increased from 100 to 4000 SCCM In 
the conventional flow design. This decrease In 
the mass loss may have been due to the random 
movement of the arc over the anode, or possibly 
arc formation In the low pressure "region" of the 
constrictor. As discussed above, arc movement has 
been found to decrease anode erosion. Random arc 
movement, however, may cause arc instabilities 
which could affect reliability and cathode mass 
loss. Therefore, at high flows In a constricted 
arc configuration there may be the conflicting 
effects of distributing the heat load over the 
anode and forming arc Instabilities. 

Vortex gas flow has been shown to stabilize 
the arc, and It may be possible to force the arc 
to seat downstream of the constrictor with vortex 
flow. By forcing the arc to attach In this low 
pressure region, the arc may be diffuse, evenly 
distributing the heat over the surface of the 
anode. 3 * Tests at the 2 kW power level with 
hydrogen 4 showed some success at moving the arc 
toward the downstream end of the constrictor. 
During that 150 hr test, the anode attachment 
appeared to be In the divergent section of the 
nozzle, although It was apparent that the anode 
attachment changed often during the test. More 
work Is required to determine if a diffuse anode 
attachment can be achieved consistently with 
storable propellants. 

Figure 16(b) shows the anode mass loss with a 
reverse flow pattern. At 100 SCCM the mass loss 
rates In the constricted and unconstricted arcs 
were similar, indicating that the anode mass loss 
mechanisms may be the same in both configurations. 
A factor of 3 decrease in erosion was found when 
the flow was increased to 4000 SCCM. This reduc- 
tion in erosion was the result of increased film 
cooling at higher flows. Although the reverse 
flow pattern derreased anode erosion the effects 
or. arc jet energy efficiencies and arc stability 
are unclear. Further testing Is required to 
determine the feaslblity of a reverse flow arcjet 
design. 

Current comparison . Figure 18 is a comparison 
of the electrode mass loss in a constricted arc 
at 10 and 20 A. The cathode mass loss for LaBg 
decreased from 5.8xlO“'g/min at 10 A to no 
measurable mass loss at 20 A. Thoriated tungsten 
also had a negligible cathode mass loss at 20 A 
in the reverse flow constricted arc configuration. 
This decrease in erosion may have beer, due to 
increased arc stability at 20 A, as evidenced by 
fewer voltage fluctuations. The anode mass loss 
increased by nearly one order of magnitude as the 
current was Increased from 10 to 20 A. At higher 
currents the anode Is subjected to a higher heat 
load, causing more evaporation than at lower cur- 
rents. In the reverse flow design, as In the 
conventional flow design, it may be required to 
move the arc over the surface of the anode to 
prevent erosion, as was suggested by Greco and 
Stoner 33 in Initial experiments with a reverse 
flow design. The arc voltage was 33+2 V at both 
10 and 20 A. 
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Summary of Results 

In an effort to reduce electrode erosion In 
low uower arc Jet thrusters, a study was conducted 
to characterize the mass loss of various electrode 
materials In a nitrogen arc. Lanthanum hexaborlde 
and thorlated tungsten were found to have low 
cathode erosion rates when tested for 5 hr at 
10 A. Although lanthanum hexaborlde had a low 
mass loss rate this material exhibited some ther- 
mal stress cracking, especially upon repeated 
starts. Thorlated tungsten also had a low mass 
loss rate, but depletion of thorium may cause 
voltage fluctuations. Long-term tests (>100 hr) 
must be run to determine the optimum cathode 
material. 

Thorlated tungsten and pure tungsten were 
found to have the lowest anode mass loss rates of 
the materials testeo. Thorlated tungsten had a 
slightly higher mass loss rate than pure tungsten, 
but because of Its machlnablllty thorlated tung- 
sten may be a more practical material. 

Some possible options available to reduce 
electrode erosion Include cooling the anode, 
reversing the gas flow direction, Imposing an 
external magnetic field, and reducing the number 
of starts. In this study, all of these options 
were found to significantly decrease the electrode 
mass loss; however, the effects of each option on 
energy efficiency and arc stability are not known. 
Further research Is required to determine the 
feasibility of Incorporating anode cooling, 
reverse flow, and/or magnetic fields Into an 
arejet design. 

Tests with a constricted arc design showed 
that arc stability may have a significant effect 
on electrode erosion. Arc Instabilities may 
reduce cathode life. Previous studies have shown 
success In stabilizing the arc with vortex flow. 
Experimentation In this area Is required to 
determine the effects of vortex flow stabilization 
on electrode erosion In low power arejet 
thrusters. 
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Figure L - Arcjet electrode experimental system. 
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Figure 2. - Free-burning arc configuration. 
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Figure 3. - Axial magnetic field configuration, (top view.) 
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Figure 4. - Constricted arc configuration, conventional flow. 
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Figure b. - Constricted arc configuration, reverse flow. 
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(b) Lanthanum hexaboride cathode, Cu anode. 


Figure 6. - Voltage -cur rent characteristics, free 
bur ning arc. 10 A ; 100 seem ; 760torr. 
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Figure 8L - Cathode materials 
mass loss comparison, irae- 
burningarc. 10 A; 100 seem; 
760 torr ; a 3 cm gap, Cu water- 
cooled anode. 
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Figure 9. - Anode materials mass loss 
comparison, free-burning arc. LaB 6 , 
cathode; 10 A; 100 seem ; 760 torr^ 
a 3 cm gap. 
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Figure 10. - Anode water cooling 
effects on cathode mass loss, 
free-burning arc. LaB 6 cathode; 
10 A ; 100 seem ; 760 torr ; 0. 3 cm 
gap. 
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Figure 11. - Flow direction effects on 
anode mass loss, free-burning arc. 
LaB 6 cathode; Thf^-W anode; 10 A ; 
100 seem ; 760 torr ; 0. 3 cm gap. 
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Figure 12. - Flow direction effects on 
cathode mass loss.free burning arc, 
LaB 6 cathode; Th0 2 -W anode; 

10 A; 100 seem; 760 torr; a 3 cm 
gap. 




Figure 13. - Effect of the number of starts 
on cathode mass loss,free-burning arc, 
Cu water-cooled anode, 10 A; 100 seem; 
76htorr; 0.3 cm gap. 
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Figure 14- Magnetic field test, free- 
burning arc. Th0 2 -W cathode; Tf^-W 
water-cooled anode; 10 A; lOOsccm; 
a 3 cm gap. 
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(b) Reverse flow. 

Figure 16. - Effect of gas flow constriction on 
anode mass loss. 10 A; 0.3cm gap ; LaB 6 . 
cathode. 
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(a) Before running in nitrogen. 



(b) After running in nitrogen at 100SCCM. 
Figure 17. - Typical thoriated tungsten anode insert. 
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(c) After running in nitrogen at 4000 SCCM. 
Figure 17. - Concluded. 
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Figure 18. - Effect of current 
on elecu ode mass loss for 
the constricted arc con- 
figuration, 4000 seem; 

0. 3 cm gap; reverse flow, 
water-cooled cathode. 
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